This study focuses on hexagonal boron nitride as an ultra-thin van der Waals dielectric substrate for the epitaxial growth of highly ordered crystalline networks of the organic semiconductor parahexaphenyl. Atomic force microscopy based morphology analysis combined with density functional theory simulations reveal their epitaxial relation. As a consequence, needle-like crystallites of parahexaphenyl grow with their long axes oriented five degrees off the hexagonal boron nitride zigzag directions. In addition, by tuning the deposition temperature and the thickness of hexagonal boron nitride, ordered networks of needle-like crystallites as long as several tens of micrometers can be obtained. A deeper understanding of the organic crystallites growth and ordering at ultra-thin van der Waals dielectric substrates will lead to grain boundary-free organic field effect devices, limited only by the intrinsic properties of the organic semiconductors.
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This study focuses on hexagonal boron nitride as an ultra-thin van der Waals dielectric substrate for the epitaxial growth of highly ordered crystalline networks of the organic semiconductor parahexaphenyl. Atomic force microscopy based morphology analysis combined with density functional theory simulations reveal their epitaxial relation. As a consequence, needle-like crystallites of parahexaphenyl grow with their long axes oriented five degrees off the hexagonal boron nitride zigzag directions. In addition, by tuning the deposition temperature and the thickness of hexagonal boron nitride, ordered networks of needle-like crystallites as long as several tens of micrometers can be obtained. A deeper understanding of the organic crystallites growth and ordering at ultra-thin van der Waals dielectric substrates will lead to grain boundary-free organic field effect devices, limited only by the intrinsic properties of the organic semiconductors.
For organic semiconductor electronics 1 adequate interfaces with dielectric, metallic, and inorganic semiconducting layers are required to reach its full potential. Interface engineering has been demonstrated to be an effective approach to increase the quality of organic semiconductor (OSC) thin films, enabling significant enhancements in performance of organic field effect transistors (OFETs) 2, 3 . By tuning the properties of the organic-inorganic interfaces in OFETs, it is possible to obtain thin-film devices 4, 5 whose performance can compete with OSC single-crystal, air-and vacuum-gap devices 2, 3 . Recently, two-dimensional (2D) van der Waals (vdW) materials 6 have been proposed as substrates for the epitaxy of organic molecules 5, [7] [8] [9] [10] [11] [12] . Their key advantage lies in the fact that these interfaces have vdW nature 13 , meaning that surfaces on which OSCs grow are atomically smooth with no dangling bonds and trapped charges at the interface. This enables growth of high-quality organic crystal thin films with very large grains and low amount of defects 5 . Heterointerfaces with vdW gap between OSCs and 2D materials have been first utilized employing graphene as a carrier injection layer between OSCs and metallic contacts 7 , and as vdW electrodes 14 . Besides graphene, layered semiconductors such as transition metal dichalcogenides have been used to form vdW heterostructures with OSCs 9, 15 , even realizing atomically thin vdW p-n junctions 11 . Probably, the most important interface in OFETs is the gate dielectric/OSC interface. It defines transport, since carriers accumulate at the interface only in the first few molecular layers of the OSC 16 . The gate dielectric's surface energy 17 and roughness 18 affect the growth of OSCs, thus increasing grain boundary density and consequently reducing carrier transport in OFETs 19 . Furthermore, the gate dielectric/OSC interface has a major impact on the device stability through surface trap density 20 , organic layer morphology, and aggregation 3, 21 . Growth of highly ordered organic crystal thin-films on conventional dielectric substrates such as SiO 2 and Al 2 O 3 proves to be very challenging 3 . Tuning the gate dielectric surface by various treatments such as using self assembling mono-layers or polymers as gate dielectrics show significant enhancement of the OFETs electrical properties 19, 20 . On the other hand, limited access to vdW dielectric materials has restrained their wider application in OSC devices. Recent advances in growth of single crystal hexagonal boron nitride (hBN) 22 together with micro-mechanical exfoliation technique, as demonstrated for graphene 23 and other 2D materials 6 , enable fabrication of high-quality atomically flat hBN thin-films. hBN has great potential to be used as a gate material in field-effect devices, being an almost defect-free dielectric with a breakdown field in the order of 1 GV/m 24 . However, atomically thin flakes would most likely not be suitable for FET applications, since electrons can tunnel through very thin hBN 24 . On the other hand, single layer hBN has been employed for encapsulation of other 2D materials, thus allowing for top electrical contacts, and at the same time preventing degradation of the encapsulated material upon exposure to ambient conditions 25 . As a vdW dielectric substrate, hBN has been employed to support graphene 26 , reducing interface roughness, improving stability and intrinsic local electronic properties, compared to graphene supported by commonly used SiO 2 /Si. hBN has also been used as a gate dielectric in graphene field-effect devices 27, 28 , and recently to encapsulate black phosphorous and niobium diselenide devices 25, 29 . Highly crystalline thin-films of pentacene supported by hBN have allowed for probing of intrinsic charge transport down to a monolayer 5 . Furthermore, hBN was employed as a vdW gate dielectric in top-gated rubrene single crystal OFETs 30 . Epitaxial growth of rubrene on exfoliated hBN was demonstrated 10 , showing that the electrical properties of these devices approach those of single crystal ones. In order to fully exploit heterostructures between vdW materials and OSCs, a deeper understanding of their interface is essential. While pentacene 5 and rubrene 10 grow in a layer-by-layer mode on hBN, an interesting advantage for many applications, especially in organic optoelectronic, would be to have essentially one-dimensional (1D) crystallites grown with high degree of ordering, thus enabling for example highly polarized light emission.
In this study, we examine hBN as a vdW dielectric substrate for epitaxial thin-film growth of one type of rod-like conjugated molecule. For this purpose, we use hot wall epitaxy (HWE) 31 deposition of parahexaphenyl (6P), serving as a model system for the growth of organic semiconductors 32 which has been recently applied to detect cleanliness of poly(methyl methacrylate) assisted wet transfer of chemical vapor deposited graphene 33 . Using atomic force microscopy (AFM), we investigate how the thickness of the supporting hBN and the deposition temperature affect the morphology of the obtained 6P thin-films. We show that, by tuning the growth parameters, needles as long as several tens of micrometers can be obtained on hBN support. In particular, we investigate how the symmetry of the hBN substrate is reflected by the growth directions of the needle-like 6P crystallites. These are related to the preferred adsorption sites for individual molecules that we calculate using density functional theory (DFT).
Results and Discussion
The results are divided into three subsections. First, the results related to the epitaxial relation and the contact plane between 6P and hBN, as well as the growth directions of the crystallites, are considered. In the second subsection, the effects that the number of hBN layers has on the morphology of the grown crystallites are shown. The final subsection addresses the effects of the deposition temperature (T D ) on the crystallite size, and the total 6P volume on hBN.
Contact plane and angular distribution of 6P needles on hBN. In this subsection we focus on how the vdW interface, and the substrate's symmetry affect the self-assembly of 6P needle networks on hBN. Note that a similar formation of 6P needle-like crystallite networks was observed on KCl 34 and mica 35 . Having a well ordered network of needle-like crystallites is essential for many applications, such as high mobility devices, sensors, polarized emission, optical resonators, waveguides, or lasing devices 36, 37 . A major contributor to self-assembly of crystallite networks is the molecule-substrate interface. In the case of hBN and other 2D materials, on which organic crystals grow through vdW epitaxy, the substrate symmetry plays a major role since the sample and the substrate are rotationally commensurate in spite of the lattice constant mismatch 13 . For the analysis of the self-assembled needle networks, the angular distribution of 6P needles on bulk hBN flakes was evaluated. Figure 1(a) shows an AFM topography image of the 6P needle network, grown on a 18.1 nm thick hBN flake (T D = 363 K). In order to obtain the angular distribution of the needles, the direction of each needle was considered with respect to the x axis of the scanner, and measured counterclockwise. The total length of all needles in Fig. 1(a) that are aligned in a particular direction with a ± 0.5° tolerance is presented in 1(b). Also, the directions of sharp edges of the hBN flake are shown in Fig. 1(a,b) , and are denoted by solid-red and dashed-green lines. These are used to correlate the growth directions of 6P with the potential high-symmetry directions of the hBN flake. On most of the hBN flakes used in this study, the directions of the sharp flake edges were separated by an integer multiplier of 30°, thus indicating that these correspond to armchair and zigzag directions of the hBN. Interestingly, as it can be seen from Fig. 1(b) , 6P needles tend to follow primarily one type of these directions, namely the ones marked by solid-red lines. The first question to raise is in which of the high-symmetry directions the needles grow, armchair or zigzag? And the second question is about the origin of the ± 5° deviation from this direction. Both points can be addressed considering the epitaxial relation between bulk 6P and the hBN basal plane. Previously reported results for epitaxy of graphene 38 and pentacene 5 on hBN would indicate that individual molecules tend to adsorb face-on with the molecular long axis parallel to armchair direction of hBN. To prove this statement, we have performed first-principle calculations within the framework of DFT.
We have calculated the adsorption energies of single 6P molecules on one layer hBN substrate for nine different adsorption sites with the long axis of the 6P molecules oriented along the armchair direction of hBN, and four adsorptions sites with 6P oriented along the zigzag direction. For all of them, we have optimized the internal atomic coordinates and found an average distance between 6P and the hBN substrate of about 0.33 nm. Among all these structures, the preferred adsorption site is the one with the center of the phenyl rings above the N atom of the hBN substrate and 6P's long axis oriented along the armchair direction. The adsorption energy for this site is about 170 meV larger than the most stable site with 6P oriented along the zigzag direction. Top and side views of the most favorable structure are depicted in Fig. 2 similar adsorption site has been found, with the phenyl rings above N. However, pentacene aligns along the zigzag direction 5 , since it may be regarded as a snippet of graphene in this direction 39 . Taking into account the preferred orientation of a single 6P molecule (as presented in Fig. 2(a) ) suggests that during the initial stages of the growth deposited molecules attach in the direction perpendicular to the long axis of the molecule, that is along the zigzag directions of the hBN substrate. In order to clarify the origin of the ± 5° splitting in the needle growth directions, we have further investigated with DFT whether this small deviation can be explained by a slight rotation of the individual molecules. The energy dependence on the rotational angle is shown in Fig. 2 (c) and demonstrates that a misalignment of about 5°, as presented in Fig. 2(d) , results in a significant increase in adsorption energy and thus can be ruled out as an origin for the deviation of the observed needle orientations from the zigzag direction of hBN. An alternative explanation for the observed slight deviation of the needle's long axis from the high-symmetry direction of the hBN can be found considering the epitaxial relation between 6P crystallites and supporting hBN. This will be elucidated in the following.
As mentioned above, the preferred adsorption site of individual molecules provides only a starting point for the alignment of 6P crystals on hBN, during the initial stages of the growth. While the density of the molecules on the surface of hBN is small enough, substrate-molecule interaction dominates and the molecules tend to adopt their individual equilibrium positions. However, once a critical density is reached, intermolecular interaction takes over and molecules reorganize mainly into the equilibrium bulk structure 36 . At that point, the contact plane of the bulk molecular crystal which introduces the least amount of strain between the equilibrium adsorption sites of individual molecules and the bulk structure is chosen, being energetically most favored. In the case presented here, 6P crystallites are large enough to be safely considered as bulk, and in the considered range of T D only the monoclinic β-phase of 6P crystallites is expected (the Baker structure) 40 . Furthermore, if the preferred adsorption sites of the individual molecules are taken into account, the long axis of the molecules can be fixed to an armchair direction of hBN. Then, considering all known contact planes of 6P needle-like crystallites with single crystal substrates 36 , only the (629) plane (previously reported for Cu (110) surface 41 ) can describe the splitting of needle growth directions with respect to the zigzag directions of hBN. Figure 3 shows a schematic representation of the 6P β-phase with the (629) plane in contact with the hBN (0001) plane. Molecules labeled with the numbers 1 and 2 are closest to the hBN surface, and have their phenyl ring plane nearly parallel (tilted by 9.9°) to the hBN (0001) plane. These molecules will tend to assume the positions as close as possible to the equilibrium adsorption sites of individual molecules. Interestingly, if one molecule is fixed at the preferred adsorption site, all other molecules that are in contact with an hBN plane will fall into equivalent sites, related only by translational symmetry of hBN. This further confirms that (629) contact plane optimizes between a bulk Baker structure of 6P and the preferred adsorption sites of the individual molecules on hBN. As indicated by the red arrows in Fig. 3(b) , this particular epitaxial relation of hBN and 6P clearly explains the distinct split of the needle long axis orientation with respect to the hBN zigzag direction. Considering the three-fold rotation and mirror symmetries of hBN gives a total of six preferred growth directions of 6P needle-like crystallites (as shown in Fig. 1(b) ). These self-assembled crystallite networks can be used to unambiguously determine the crystallographic orientation of the underlying hBN, including the identification of the edge type (as has been done in retrospective in Fig. 1(a) ). Such a determination procedure does not require special preparation of hBN flakes, or a large surface area, it does not rely on any elaborate measuring techniques, and neither requires atomic nor nanometer-scale resolution. In other words, it would be even sufficient to inspect the samples under the optical microscope where larger 6P crystallites are visible.
The above described self-assembly of the 6P needle networks was observed for all the samples in the entire range of T D considered in this study. In order to quantify the degree of ordering of the crystallite networks, the range of ± 10° from the zigzag direction of the hBN support was defined as the preferred growth direction range for the needles (shaded areas in Fig. 1(b) ). Considering three-fold symmetry of the hBN support, one third of all possible growth directions are consequently considered as preferred. Figure 1 (c) presents the evolution of the preferential growth directions of 6P needles with respect to T D . The results show that with an increase of T D , more and more needles tend to grow in the preferred directions, indicating that these directions are indeed energetically the most favorable ones. Note that the dashed line at 33.3% in Fig. 1(c) represents the case of a completely disordered crystallite network, while the values below this line would indicate that the chosen directions are not favorable. Further results related to the influence of T D on the crystallite growth are presented in the third subsection.
Effects of hBN thickness on the morphology of 6P crystallites. As mentioned in the introduction, hBN has great potential to serve as a flexible gate dielectric material, since it is chemically and mechanically stable, and even ultra-thin films can sustain very high electric fields 24, 25 . In this subsection, we will focus on how the thickness of the hBN support affects the morphology of 6P crystallites. For this purpose, the deposition temperature has been fixed at T D = 363 K. At this specific T D , the nucleation density is high enough such that the inspected 10 × 10 μm 2 sections of the substrate area allow for statistical analysis of 6P crystallites. At higher T D , the dependence of the 6P morphology on the thickness of hBN is expected to be even further enhanced, however, a larger substrate area would be needed for a proper statistical analysis of crystallite lengths and orientations. Furthermore, at higher T D , a significant amount of needles is terminated at the flake edges, especially in the case of the smallest and the thinnest flakes. This would certainly affect the results of the measured needle lengths. At 363 K (and at lower temperatures), the majority (over 80%) of the needles are not terminated by the flake edges. The same trend for the dependence of the morphology of 6P crystallites with respect to thickness of the hBN support was observed in the entire range of T D . Figure 4 shows how the thickness of the hBN support affects the average length and degree of ordering of 6P needles. We observe an interesting effect: hBN flakes that are less than ~1.5 nm thick (estimated as 1-2 layer flakes) have an average needle length of 0.6 μm (see Fig. 4(a) ), while hBN flakes that are thicker than 1.5 nm have over 3 times longer needles (Fig. 4(b) ). The average length of 6P needles was not found to be increasing with further increase of the hBN thickness, and even beyond 20 nm hBN thickness, very similar morphology of 6P needles as for 1.6 nm thick flakes was observed (Fig. 4(c) ). The average height of the needles (in this case ~12 nm) was found not to be affected by the thickness of the hBN substrate. Figure 4(d) presents the relation between hBN thickness and an average length of 6P needles, here each point represents a different hBN flake and over 100 needles were considered on each flake. Besides needle-like crystallites that grow on hBN, in Fig. 4(a) island-like crystallites (composed of up-right standing molecules) are observed on the surrounding SiO 2 surface. More details related to orientation of 6P molecules and growth of crystallites is given in the Methods section.
Besides the average length of the needles, their angular distribution is also affected by the thickness of the hBN support. Figure 4 (e) shows the angular distribution of 6P needles (with ± 2.5° tolerance) on top of three different hBN flakes, presented in Fig. 4(a-c) , and denoted in Fig. 4(d) with i, ii, and iii. The x-axis in Fig. 4(e) is normalized for each sample with respect to the high-symmetry directions of the supporting hBN flakes. The directions indicated by dashed vertical lines reflect the three-fold rotational symmetry of the underlaying hBN, and show zigzag directions. Splitting of the preferred growth directions of 6P crystallites from zigzag directions of hBN is not visible in this case due to larger histogram intervals (5°), and the fact that smaller surface areas were analysed. The samples supported by 1-2 hBN layers do not exhibit preferential orientation of 6P needles, while samples supported by few-layer and bulk hBN have needles that follow zigzag directions of the supporting flakes.
In order to understand the experimentally observed dependence of the needle orientation on the hBN thickness and to check whether there is a direct influence of the thickness onto the 6P needle growth, we have performed calculations of 6P on one and three layers of hBN, respectively. For the three-layer case, the same lateral size of the cell was used, and two additional hBN layers have been placed underneath the first one in AA′ stacking configuration. We have considered two alignments of the 6P molecule, one with the long axis oriented along the armchair direction and one along the zigzag direction of the substrate. For each orientation, we considered the most stable adsorption site, as determined for 6P on a single layer of hBN, and calculated the respective adsorption energies. Because the so calculated adsorption energies do not show any dependence on the thickness of the hBN substrate, we conclude that another, indirect mechanism causes the experimentally observed layer dependence.
The observed abrupt change in the morphology of 6P needles with an increase of hBN thickness can be explained by two contributing factors that arise from the hBN/SiO 2 interface. First, hBN reduces the influence of the surface roughness of underlying SiO 2 27 , and the top surface of hBN becomes less rough the more hBN layers are added. A higher surface roughness is well known to introduce disorder in OSC thin-films 18 , and this is most likely the case here for thin hBN flakes. The surface roughness of hBN was estimated as an average root-mean-square (RMS) value taken from ten 1 × 1 μm 2 areas of each flake prior to the deposition of the molecules. The RMS surface roughness of the surrounding SiO 2 area was found to be (0.23 ± 0.03) nm, whereas it was slightly smaller (0.21 ± 0.03) nm for very thin flakes (less than 1.5 nm thick). However, for few-layer hBN flakes it was significantly reduced to (0.15 ± 0.03) nm. The obtained RMS roughness values are in good agreement with the data reported in the literature 27 . It is worth mentioning that the reduction in the RMS from SiO 2 to hBN was smaller in our study, since dry thermal oxidation of silicon was used resulting in a smoother SiO 2 surface. Although in our case the surface roughness of thin hBN flakes is higher than that of the few-layer ones, we still expect that this is not the only contributing factor to the observed differences in 6P morphology on thin and thick hBN flakes.
The other likely contributing factor to the observed difference in 6P morphology on thin and few-layer hBN flakes could be related to the hBN/SiO 2 interface, since hBN is deposited by mechanical exfoliation a trapped water layer is expected at the interface with SiO 2 , giving rise to a dipole field. This effect was previously observed by electrostatic force microscopy 42 . Since hBN is an insulator, additional layers will not be very effective in screening of this dipole field 42 , and the field will decay relatively slowly with additional hBN layers. The effects of a water layer induced dipole field on the growth of OSCs were demonstrated for pentacene grown on graphene 43 , where much stronger dielectric screening is present 44 . There, it was found that a trapped water layer significantly affects the growth of pentacene on graphene, changing from upright standing islands when a water layer is present, to needles when this layer is suppressed 43 . Interestingly, for 6P on graphene an opposite tendency for needle growth was detected with an increase of supporting flake thickness 45 , and was attributed to the changes in surface energy of graphene with additional layers. Here, in the case of hBN supported 6P, we expect that both, surface roughness of hBN and the unscreened dipole field from trapped water layer are responsible for the different morphologies of 6P on thin and few-layer hBN flakes. Thus, a critical thickness of ~1.5 nm for hBN support is needed to obtain more ordered networks of longer crystallites.
Effects of the deposition temperature on the growth of 6P on hBN. As has already been presented in Fig. 1(c) , the deposition temperature (T D ) has a major impact on the resulting ordering of 6P crystallites grown on hBN. In addition, according to classical nucleation theory, by increasing T D , the diffusion of the molecules on the surface is increased and the nucleation density is reduced 46 . As a result, larger single crystal grains are obtained, thus reducing the number of grain boundaries per unit area. In the deposition temperature range considered in this study (300-400 K), both islands and needles were found to grow on hBN. However, the majority of 6P (over 95% on average) forms needle-like crystallites in the considered range of T D . For this reason, we focus here on how T D affects the growth of 6P needles. Figure 5 (a-c) shows 10 × 10 μm 2 AFM images of bulk hBN flakes, covered with 6P needles grown at different T D . To show height and width variation of the 6P needles, the height profile along the red line, denoted in Fig. 5(c) , is given in Fig. 5(d) . At room temperature (Fig. 5(a) ), 6P forms very short needles, having an average needle length of less than 1 μm. With an increase of T D , the average length of the needles increases, reaching almost an order of magnitude higher value at 393 K. Figure 5 (e) summarizes the evolution of the average length of 6P needles. While the average length of needles was not found to be larger than ~5 μm, beyond 380 K individual needles were found to grow longer than 30 μm, only limited by the lateral size of hBN flakes. The average value is reduced by side branches, which usually do not extend more than several micrometers. The data is presented for 6P grown on thin (less than 1.5 nm) and multi-layer (over 3 nm) hBN flakes, since -as it was demonstrated in the previous subsection -the thickness of the supporting hBN also affects the length of the crystallites.
In the range of T D , that was considered in this study, 6P crystallites were found on both, hBN flakes (forming mainly needles) and on surrounding SiO 2 (forming islands). However, a larger volume of 6P was detected on hBN in the entire range of T D . The ratio of 6P volume on hBN/SiO 2 is presented in Fig. 5(f) as a function of T D . Since islands and needles both have the same herringbone structure as bulk 6P, the same molecule density within the morphology features is assumed, and the volume ratio is obtained between volumes per unit area on hBN (6P needles) and SiO 2 (6P islands) in the vicinity of the hBN flake considered. (More details related to bulk β-phase of 6P, needle-like and island-like crystallites are given in the Methods section.) At lower T D , there is a significantly larger volume of 6P on hBN than on SiO 2 . This indicates a higher sticking probability for molecules on hBN. The volume ratio is reduced as T D is increased, which can be associated with desorption of molecules from the surface, as was reported for graphene and mica 47, 48 .
Conclusions
In summary, the growth of parahexaphenyl on hexagonal boron nitride has been analyzed. Combined AFM morphology analysis and DFT calculations revealed their epitaxial relation. It is shown that a compromise between a bulk herringbone structure of 6P and preferred individual adsorption sites of the molecules yields (629) as the Scientific RepoRts | 6:38519 | DOI: 10.1038/srep38519 contact plane of 6P on (0001) hBN. As a consequence, 6P needle-like crystallites grow in azimuthal directions that are split by ± 5° from the zigzag directions of hBN, while the long axis of the individual molecules lie in an armchair direction of hBN.
In addition, we demonstrated how the thickness of the hBN affects the growth of 6P. We showed that the dependence of the crystallite morphology and degree of ordering is not a direct consequence of hBN thickness, but rather arises from the hBN/SiO 2 interface. A thickness of hBN over ~1.5 nm is needed to have the top surface of hBN far enough from the hBN/SiO 2 interface, thus avoiding effects that arise from an increase in surface roughness of hBN and from the unscreened dipole field of a trapped water layer, which play the role in the different morphologies of 6P on thin and few-layer hBN flakes. This gives a guideline for using hBN as a flexible vdW gate dielectric material, since few-layer hBN (three to ~ten layers) would retain high mechanical flexibility, while still exhibiting favorable growth behavior as on bulk hBN. Finally, the dependence of the 6P crystallite morphology on the deposition temperature is presented. An optimal range for the deposition temperature between 380-400 K is suggested, resulting in straight 6P needles, limited in length only by the lateral size of the supporting hBN flakes.
These results provide deeper understanding of the gate dielectric/OSC interface between hBN and 6P, and can serve as a starting point for understanding the growth mechanism of many other small conjugated molecules supported by vdW materials. Controlling and tuning both the crystallite size and the level of ordering within the self-assembled crystallite networks, will allow for future electronic and opto-electronic devices to be governed only by the intrinsic properties of the organic semiconductors at the van der Waals dielectric interface. Some potential applications would require 1D crystallites grown with a high degree of ordering, thus enabling for example polarized light emission, highly anisotropic optical properties, or vertical charge transport within the organic semiconductors 36, 37 . With further efforts, as applying axial strain, external electric field, or polarized light during growth, one could attempt to order the crystallites only along one direction. This might lead to fabrication of structures with parallel 1D needle-like crystallites, supported by very stable, atomically thin, inert, and flexible dielectric substrates.
Methods hBN substrate preparation. hBN samples were prepared using the micro-mechanical exfoliation technique. As a starting "bulk" material, commercially available hBN powder was used (Momentive, PolarTherm BN Filler Grade PT100) 28 . Flakes were deposited on silicon wafers with a (80 ± 5) nm layer of dry thermal oxide (SiO 2 /Si). The oxide thickness was chosen to enhance optical contrast of very thin hBN flakes 49 . This allows for a fast selection -by optical microscopy -of potential flakes to be used in 6P growth experiments. Each considered hBN flake on every sample was measured using tapping mode AFM before the deposition of the 6P molecules. The height of each flake was determined, and each flake was inspected for any localized defects or impurities, as wrinkles, cracks, and exfoliation residues. The lateral size of the obtained hBN flakes varied between ~5 × 5 μm 2 and ~30 × 30 μm 2 , while the flake thickness varied between ~0.6 nm and several tens of nanometers. The thickness measured by AFM includes both, the hBN layers and the trapped water layer underneath the flake. As a result, two different flakes with same number of layers could have their thickness varied by ~0.5 nm.
Hot wall epitaxy of 6P. 6P thin films were grown on as-prepared hBN substrates by hot wall epitaxy 31 with a base pressure of ~2 × 10 −6 mbar. As a source material, commercially available 6P from TCI Chemicals (S0220) was used. For each deposition experiment, the source and wall temperatures were kept fixed at 510 K and 520 K, respectively. The deposition temperature (T D ) was varied between 300 K and 400 K. The growth time was fixed to 5 min, with a growth rate of (8.8 ± 2.8) · 10 3 molecules μm −2 s −1 , considering the molecular density in the 6P(001) plane (~4.4 · 10 14 molecules cm −2 ). The surface coverage (determined in mono-layers -ML) was estimated ex-situ using AFM topography images of SiO 2 surfaces surrounding the hBN flakes. Here, 6P islands are composed of almost up-right standing molecules 50 . The islands vary in height between 2.4 nm and 2.7 nm, which corresponds well to the length of 6P molecules, considering that 6P molecules do not perfectly align in an up-right position. With the aforementioned growth parameters, a typical coverage of 6P islands on the surface of SiO 2 of (0.6 ± 0.2) ML was reached.
6P β-phase crystal structure. 6P consists of six phenyl rings connected by a single bond. It is a rod-like molecule, meaning that the interaction energy between two equivalent molecules will not only be a function of their relative distance, but also of their relative orientation 32 . Single bonds between phenyl rings in a 6P molecule allow a certain flexibility of the backbone 51 . However, once the molecule is attached to a growing crystallite it adopts flat configuration 40, 52 . In bulk, phenylenes form a so-called herringbone structure, with alternating tilt of the molecular plane around the long molecular axis. Since most of the π-orbital overlapping occurs in the plane of the herringbone structure, in-plane electrical conductivity is much higher than in the direction perpendicular to the molecular planes. The bulk cohesive energy of 6P is ~3 eV per molecule 53 , resulting in crystallites that are stable under ambient condition for several months.
Being a highly anisotropic building block, different structures can arise depending on the orientation of a 6P molecule with respect to the supporting substrate. Since 6P can be viewed as a one-dimensional, rod-like molecule, there are two most relevant orientations of a single molecule with respect to the substrate plane 32 . In the first case, the molecules tend to lay flat on the surface fully exposing one side of the π-system to the substrate. In this case, interaction with the support is maximized. As a result, crystallites will grow forming 3D needle-like structures 32 . Note that the needle axis is expected to be approximately perpendicular to the molecular axis, and the exact angle will be determined by the contact plane of 6P with the support. Since 6P obeys in these crystallites the same herringbone structure as in the bulk, electron transport will be preferred in a vertical direction, and along the needle's longer axis.
The other option for the molecules would be to take an up-right orientation, thus minimizing the surface energy of the resulting crystallites. This is the case commonly observed for 6P grown on amorphous surfaces, as SiO 2 or ion-bombarded mica 50, 51 . Up-right molecules form island-like crystallites that tend to organize into a fully covered molecular layer, but an existing step edge barrier results in mound formation for higher coverage 51 . This type of up-right standing crystallites is commonly referred to as "islands". In this case, electron transport is preferred in the plane of the island and significantly suppressed along vertical direction due to a lack of π-orbital overlapping.
AFM measurements and data interpretation. The morphology of the samples was investigated employing an Asylum Research MFP-3D AFM system operating under ambient conditions. NT-MDT NSG30 and Olympus AC160TS probes were used, with typical force constants of 20-80 N/m and tip curvature radii of 5-10 nm. AFM topography images of the samples were processed using the open source software Gwyddion (version 2.38). For each image, first a step line correction in the scanning direction was applied, followed by a three point plane leveling with the mean plane height set to zero value. In the cases of hBN/SiO 2 step edges or hBN terraces, the three points were chosen on the lowest level, e.g., SiO 2 . The software was used to calculate the volume of 6P deposited per unit area and to select 6P needle-like crystallites for statistical analysis of their lengths and orientation. AFM was also employed to determine the height of the hBN flakes prior to 6P deposition. For all flakes used in the study, the height was determined considering histograms of an area containing both the flake and the bare SiO 2 substrate. From these, the height was estimated as a peak-to-peak distance and the deviation of the measured height was estimated as a half width at half maximum of the histogram peak that corresponds to the hBN flake.
DFT calculations.
All theoretical results presented in this work are obtained within the framework of density functional theory. We have conducted periodic boundary calculations for quasi-isolated 6P molecules on hBN utilizing the VASP code 54, 55 . We have employed a repeated slab approach, where the hBN substrate has been modelled by either one or three layers and a vacuum layer of ≈ 1.7 nm has been added between two slabs. The distance between two neighboring 6P molecules lies between 1.1 nm and 1.5 nm, depending on the direction between two molecules and the orientation on them. In order to avoid spurious electrical fields, a dipole layer is inserted in the vacuum region 56 . For exchange-correlation effects the general gradient approximation according to Perdew, Burke, and Ernzerhof 57 has been utilized. We use a Monkhorst-Pack 1 × 2 × 1 grid of k-points 58 and the projector augmented wave 59 approach was used allowing for a relatively low kinetic energy cut-off of about 500 eV. During the geometry optimization, the 6P molecules and the topmost hBN layer were allowed to fully relax. In order to Scientific RepoRts | 6:38519 | DOI: 10.1038/srep38519 account for van-der-Waals interactions, we employed the Tkatchenko-Scheffler scheme 60 during the geometry optimization.
